Probability measures on metric spaces

Onno van Gaans

These are some loose notes supporting the first sessions of the seminar Stochastic
Evolution Equations organized by Dr. Jan van Neerven at the Delft University
of Technology during Winter 2002/2003. They contain less information than
the common textbooks on the topic of the title. Their purpose is to present a
brief selection of the theory that provides a basis for later study of stochastic
evolution equations in Banach spaces. The notes aim at an audience that feels
more at ease in analysis than in probability theory. The main focus is on
Prokhorov’s theorem, which serves both as an important tool for future use and
as an illustration of techniques that play a role in the theory.

The field of measures on topological spaces has the luxury of several excellent
textbooks. The main source that has been used to prepare these notes is the
book by Parthasarathy [6]. A clear exposition is also available in one of Bour-
baki’s volumes [2] and in [9, Section 3.2]. The theory on the Prokhorov metric
is taken from Billingsley [1]. The additional references for standard facts on
general measure theory and general topology have been Halmos [4] and Kelley

[5].
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The distribution of a random variable in a Banach space X will be a probability
measure on X. When we study limit properties of stochastic processes we will
be faced with convergence of probability measures on X. For certain aspects of
the theory the linear structure of X is irrelevant and the theory of probability
measures on metric spaces supplies some powerful tools. In view of the Banach
space setting that we have in mind, it is not too restrictive to assume separability
and completeness but we should avoid assuming compactness of the metric
space.

1 Borel sets

Let (X,d) be a metric space. The Borel o-algebra (o-field) B = B(X) is the
smallest o-algebra in X that contains all open subsets of X. The elements of B
are called the Borel sets of X.

The metric space (X, d) is called separable if it has a countable dense subset,

that is, there are x1,z2,... in X such that {z1,z2,...} = X. (A denotes the
closure of A C X.)

Lemma 1.1. If X is a separable metric space, then B(X) equals the o-algebra
generated by the open (or closed) balls of X.

Proof. Denote
A := o-algebra generated by the open (or closed) balls of X.

Clearly, A C B.
Let D be a countable dense set in X. Let U C X be open. For z € U take
r >0, r € Q such that B(z,r) C U (B(=z,r) open or closed ball with center z
and radius r) and take y, € DN B(z,r/3). Then z € B(y,,r/2) C B(z,r). Set
ry := /2. Then
U =|J{Bya:rs) : 2 € U},
which is a countable union. Therefore U € A. Hence B C A. O

Lemma 1.2. Let (X,d) be a separable metric space. Let C C B be countable.
If C separates closed balls from points in the sense that for every closed ball B
and every x € X \ B there exists C € C such that B C C and x & C, then the
o-algebra generated by C is the Borel o-algebra.

Proof. Clearly o(C) C B, where ¢(C) denotes the o-algebra generated by C. Let
B be a closed ball in X. Then B = ({C € C : B C C}, which is a countable
intersection and hence a member of ¢(C). By the previous lemma we obtain
B Co(C). O

If f: S > T and As and Ar are o-algebras in S and T, respectively, then f is
called measurable (w.r.t. Ag and Ar) if

FTHA ={z€S: f(x) € A} € As for all A € Ar.



Proposition 1.3. Let (X,d) be a metric space. B(X) is the smallest o-algebra
with respect to which all (real valued) continuous functions on X are measurable
(w.r.t. B(X) and B(R)).

(See [6, Theorem 1.1.7, p. 4].)

2 Borel probability measures

Let (X, d) be a metric space. A finite Borel measure on X is a map u : B(X) —
[0,00) such that

1(@) =0, and
Ay, Ay, ... € B mutually disjoint => p(U;2; Bi) = > oq #(Bi).

u is called a Borel probabiliy measure if in addition pu(X) = 1.

The following well known continuity properties will be used many times.

Lemma 2.1. Let X be a metric space and p a finite Borel measure on X. Let
Aq,As, ... be Borel sets.

(1) If Ay C Ay C--- and A =J;2, Ai, then p(A) = limp_o0 p(Ay).
(2) If Ay DAy D -+ and A =2, then p(A) = lim,_ o0 p(An).
The next observation is important in the proof of Theorems 3.2 and 4.2.

Lemma 2.2. If p is a finite Borel measure on X and A is a collection of
mutually disjoint Borel sets of X, then at most countably many elements of A
have nonzero p-measure.

Proof. For m > 1, let A, := {A € A : pu(A) > 1/m}. For any distinct
Ay,..., A, € A, we have

k
u(X) > p({J 40) = m(Ar) + - + p(Ax) > k/m,

i=1

hence A,, has at most mu(X) elements. Thus

(A€ A:p(A) >0} = GAm

m=1
is countable. O

Ezample. If p is a finite Borel measure on R, then p({t}) = 0 for all except at
most countably many ¢ € R.

Proposition 2.3. Any finite Borel measure on X is regular, that is, for every
BeB

w(B) = sup{u(C):C C B, C closed} (inner regular)
inf{u(U) : U D B, U open} (outer regular).



Proof. Define the collection R by

u(A) = sup{p(C) : C C A, Cclosed} and

AER = (4) —inf{u(C): U > A, U open}.

We have to show that R contains the Borel sets. step 1: R is a o-algebra:

0 eR. Let A€ R,let e >0. Take C closed and U open with C C A C U and
w(A) < w(C) + e, p(A) > p(U) —e. Then U¢ C A® C C°, U°® is closed, C°¢ is
open, and

p(A) = w(X) — p(A) > p(
p(A°) = w(X) — p(A) < p(

Hence A¢ € R.
Let Ay, As,... € R and let € > 0. Take for each ¢
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Further, (U, Cs) = limg— o0 (UL, C;), hence for some large k, u(|J32, C)—
u(Uf:1 C;) <e/2. Then C := Ule Ci c U2, Ai, C is closed, and
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Hence |J;2; A; € R. Thus R is a o-algebra.

step2: R contains all open sets: We prove: R contains all closed sets. Let
A C X be closed. Let U, := {z € X : d(z,A) < 1/n} = {z € X : Ja €
A with d(a,z) < 1/n}, n = 1,2,.... Then U, is open, Uy D Us D ---, and
Nic, Ui = A, as A is closed. Hence pu(A) = lim,,, oo u(U,) = inf,, p(Uy,). So

u(A) <inf{u(U):U D A, U open} < irﬁf w(Un) = pu(A).

Hence A € R.
Conclusion: R is a o-algebra that contains all open sets, so R D B. O

Corollary 2.4. If u and v are finite Borel measures on the metric space X and
w(A) =v(A) for all closed A (or all open A), then p =v.

A finite Borel measure p on X is called tight if for every € > 0 there exists a
compact set K C X such that u(X \ K) < g, or, equivalently, u(K) > u(X)—e¢.
A tight finite Borel measure is also called a Radon measure.

Corollary 2.5. If i is a tight finite Borel measure on the metric space X, then
u(A) = sup{u(K) : K C A, K compact}
for every Borel set A in X.

Proof. Take for every € > 0 a compact set K. such that u(X \ K.) <e. Then
HANK) = p(A\K9) > p(4) — p(KE) > p(4) — e
and

wWANK,) = sup{p(C):C cC K.NA, C closed}
< sup{u(K): K C A, K compact},

because each closed subset contained in a compact set is compact. Combination
completes the proof. O

Of course, if (X,d) is a compact metric space, then every finite Borel measure
on X is tight. There is another interesting case. A complete separable metric
space is sometimes called a Polish space.

Theorem 2.6. If (X,d) is a complete separable metric space, then every finite
Borel measure on X is tight.

We need a lemma from topology.

Lemma 2.7. If (X,d) is a complete metric space, then a closed set K in X is
compact if and only if it is totally bounded, that is, for every e > 0 the set K is
covered by finitely many balls (open or closed) of radius less than or equal to .



Proof. =) Clear: the covering with all e-balls with centers in K has a finite
subcovering.

<) Let (z,)n be a sequence in K. For each m > 1 there are finitely many
1/m-balls that cover K, at least one of which contains z,, for infinitely many
n. For m = 1 take a ball B; with radius < 1 such that Ny := {n : 2, € B}
is infinite, and take n; € Nj. Take a ball By with radius < 1/2 such that
Ny :={n > ny : &z, € By N By} is infinite, and take ny € N,. Take Bs, radius
<1/3, N3 :={n >ng : z, € BsN By N By} infinite, n3 € N3. And so on.

Thus (zn,)r is a subsequence of (z,), and since z,_, € By for all £ > k,
(n, )k is a Cauchy sequence. As X is complete, (z,,)n converges in X and as
K is closed, the limit is in K. So (x,), has a convergent subsequence and K is
compact. O

Proof of Theorem 2.6. We have to prove that for every € > 0 there exists a
compact set K such that u(X \ K) < e. Let D = {a1,az,...} be a countable
dense subset of X. Then for each § > 0, Jp; B(ak,d) = X. Hence pu(X) =
limy, 00 u(Uy—, B(ax,d)) for all § > 0. Let € > 0. Then there is for each m > 1
an n,, such that

u( U Blay, 1/m)) > u(X) — 2.

k=1
Let - n
K = ﬂ UE(ak,l/m).
m=1 k=1
Then K is closed and for each § > 0,
K cC U B(ag,1/m) C U B(ay, 6)
k=1 k=1

if we choose m > 1/4. So K is compact, by the lemma. Further,

p(X\K) = u( Q (X\ @ E(ak,l/m))) < i N(X\ Dﬁ(ak,l/m))
= i (N(X) —N(U F(ch,l/m))) < i 9-Me = ¢.
m=1 k=1 m=1

3 Weak convergence of measures
Let (X, d) be a metric space and denote
Cp(X):={f:X — R: f is continuous and bounded}.

Each f € Cy(X) is integrable with respect to any finite Borel measure on X.



Definition 3.1. Let pu, ft1, f2, - . . be finite Borel measures on X. We say that
(ui); converges weakly to p if

/fdpi—>/fd,u as i — oo for all f € Cp(X).

Notation: p; = p. (There is at most one such a limit p, as follows from the
metrization by the Prokhorov metric, which is discussed in the next section.)

Theorem 3.2. Let (X,d) be a metric space, let p, 1, 2, - . . be Borel probability
measures on X. The following statements are equivalent:

(a) pi = p

(b) [gdp; — [gdu for all g € UCH(X) := {f : X = R : [ is uniformly

continuous and bounded}

(¢) limsup,_, . ui(C) < p(C) for all closed C C X

(d) iminf; , p;(U) > p(U) for all open U C X

(e) wi(A) = u(A) for every Borel set A in X with u(0A) = 0. (0A = A\ A°).

Proof. (a)=(b) is clear
(b)=(c): Let C be a closed set, nonempty. Let Uy, := {z : d(z,C) < 1/m},
m > 1. (Here d(z, A) :=inf,cad(z,a) if A# 0, and “d(z,0) := o0”.) Then U,
is closed and
inf > 1/m.
zeégeU; d(z,y) 2 1/m
Hence thereis an f,, € UC,(X) with0< f<lon X, fr, =1onC, and f,, =0

on Ug,. (Indeed, f,(z):= % does the job.) Since

wi(C) =/]lcduz' < /fmdlh'a

we get by assumption (b)
tim sup ps(C) < limsup [ fdps = [ fdi < [ 10, dp = u(Un)
i—00 i—00
Because (,._; Up, = C (since C' is closed) we find

p(©C) = lim p(Up) > lim sup p;(C).

i—00

(¢)=(d): By complements,

liminf 4;(U) = liminf (ui(X) - ui(UC)) =1 — limsup p;(U°)

1—00 1— 00 i—00

1—p(U°) = p(X) — p(U°) = p(U).

v



(d)=(c): Similarly. _ B
(c)+(d)=(e): A° C AC A, A°is open and A is closed, so by (¢) and (d)

limsup p;(A) < limsup p;(A) < p(A) = p(A U DA)
< p(A) + p(04) = u(4),

liminf p;(A) > liminf p;(A°) > p(A°) = p(A\ 0A)
> p(A) — p(0A4) = u(4),

hence p;(A) — u(A).

(e)=(a): Let g € Cy(X). Idea: we have [ fdu; — [ fdu for suitable simple
functions; we want to approximate g to get [ gdu; — [ gdu.

Define

v(B) == u({z : g(a) € B}) =
Then v is a finite Borel measure (probability measure) on R and if we take
a < —||9]loos b > [|9l]co, then v(R\ (a,b)) = 0. As v is finite, there are at most
countably many a with v({a}) > 0. Hence for ¢ > 0 there are tg,...,tm € R
such that

i) a=to<ti <---<tp=0h,

(ii) tj—tji-1<e, j=1,...,m,

(i) v({t;}) =0,ie., p({z:9(x) =1¢;}) =0, j=0,...,m

w(g 1 (E)), E Borel set in R.

Take
Aj={z € X :tj1 <g(@) <t;} =g " ([t;-1,t)), 5=1,.
Then A; € B(X) for all j and X = J;Z, A;. Further,
Aj Cc{z:tj_1 < g(x) <t;} (since this set is closed and D A4;),
A7 D {z:tj 1 < g(x) <t;} (since this set is open and C Aj),
S0

p04;) = p(A;\ A7) < p({z: (@) = tj_1 or g(z) =t;})
= u{w: g(z) = ti1}) + plo : 9(@) = 1) = 0+ 0.
Hence by (e), pi(A;) = p(A4;) asi — oo for j =1,...,m. Put

h:= thfll].Aj,
j=1

then h(z) < g(z) < h(z) + ¢ for all z € X. Hence

|/gduz /gdul = I/(g—h)duﬁ/hdui—/(g—h)du—/hdul

< /Ig—hldm+|/hdui—/hdul+/lg—hldu
< epi(X) +| itj—l(ui(Aj) - N(Aj))| +epu(X).
j=1



It follows that limsup; | [gdui — [ gdu| < 2e. Thus [gdu; — [ gdp as
1 — 00. O

Remark. The condition that the measures u, pi, ft2, ... in the above theorem
are probability measures can be weakened to finite Borel measures such that
1i(X) — wu(X) as i — oo. The same proof can be used with only minor
modifications in the proof of the equivalence (c)<(d).

4 The Prokhorov metric

Let (X, d) be a metric space. Denote
P = P(X) := all Borel probability measures on X.
We have defined the notion of weak convergence in P. Define for u,v € P
dp(p,v) :=inf{a > 0: p(4) <v(4,) + o and v(A) < u(4,) + a VA € B(X)},
where
Ay i={z:d(z,A) <a}if A#0D, 0,:=0foralla>0.

(Here d(z, A) = inf{d(z,a) : a € A}.) The function dp is called the Prokhorov
metric on P (induced by d), which makes sense because of the next theorem. If
X is separable, then convergence in the metric dp is the same as weak conver-
gence in P.

Theorem 4.1. Let (X,d) be a metric space.
(1) dp is a metric on P = P(X).
(2) Let p, py,pa, ... € P. Then dp(p;, p) — 0 implies p; = p.

Proof. (1): Any a > 1is in the set of the defining formula of dp, so the infimum
is well defined. Clearly dp(u,v) > 0 and dp(p,v) = dp(v, p) for all p,v € P.

dp(u,p) = 0: Let u € P. For every Borel set A and a > 0, A, D A4, so
w(A) < u(Ay) + a, hence dp(u,v) < a, whence dp(p, 1) = 0.

dp(u,v) =0 = p=v: lfdp(u,v) = 0, then there is a sequence a,, J 0 such
that u(A) < v(4,,) + a, and v(A) < p(Aq,) + ay for all n. As A =), Aa,,
it follows that u(A) < v(A) and v(A4) < p(A). In particular, u(A4) = v(A) for
all closed sets A and therefore y = v (by inner regularity).

Triangle inequality: Let p,v,n € P. Let a > 0 be such that

(A) <n(Aa) +a, n(A) < p(Aq) +a forall Ae B
and 8 > 0 such that

v(A) <n(Ap)+ 8, n(4) <v(dg)+p forall AeB.



Then for A € B:

w(A) <n(Aa) + a < v((Aa)p) + a+ 5,
v(A) <n(Apg) + B < u((Ap)a) + B + .
(

Now notice that (A,)g C Aatp. (Indeed, z € (Ay)g = d(z,Ay) < B =
Jy e A, :dlz,y) < B,andy € A, = Tae€ A:dy,a) < a, so that
d(z,a) <d(z,y)+d(y,a) < a+p,and z € Aqyg.) Of course also (Ag)q C Aa+s-
Hence for all A € B,

n(A)
v(A)

V(Aa-l-,@) +Oé+ﬂ,
M(Aa-i-ﬂ) +a+p.

VANVAN

Thus, by the definition, dp(p,v) < a + 8. The infimum over the a under
consideration is dp(u,n) and the infimum over the 8 is dp(n,v). Thus taking
infimum over a and f yields

dP(/J‘JV) < dP(.“: 77) + dP(TbU)'

The proof of (1) is complete.
(2): Assume that dp(u;, ) — 0 as ¢ — oo. Then there are o; | 0 with
pi(A) < p(Ay,) + a; and p(A) < pi(Aq;) + a; for all A € B. Hence for A € B,

limsup p;(4) < limsup (,u(Aa,.) + ai)
i—00 i—00
= lim p(4s;) = p(A).
72— 00

In particular, for any closed C C X, limsup,_, ., #i(C) < p(C), and therefore
Mi = [ O

Theorem 4.2. If (X,d) is a separable metric space, then for any u, p1, u2,--- €
P(X) one has

pi=p  if and only if  dp(pi,p) = 0.
For the proof we need a lemma on existence of special coverings with small balls.

Lemma 4.3. Let X be a separable metric space and p be a finite Borel measure
on X. Then for each § > 0 there are countably many open (or closed) balls
By, Bs, ... such that

U'(i)il Bi = X7
radius of B; is < ¢ for all i,
w(0B;) =0 for all i.

Proof. Let D be a countable dense set in X. Let z € D. Let S(z,r) := {y €
X :d(y,z) =r}. Observe that the boundary of the open or closed ball centered
at ¢ and with radius r is contained in S(z,7). Given § > 0, the collection

10



S = {S(z,r) : §/2 < r < ¢} is disjoint and therefore at most countably
many of its members have py-measure > 0. As S is uncountable, there exists
an r € (6/2,6) such that u(S(z,r)) = 0. In this way we find for each x € D
an open (or closed) ball B(z,r) centered at z with radius r € (6/2,6) and
w(0B(z,7)) = 0. As D is dense these balls cover X, and as D is countable we
have countably many, say Bi, Bo,.. .. O

Proof of Theorem 4.2. <) already done.

=) Let ¢ > 0. We want to show that there exists an N such that for
every i > N we have dp(u;, u) < ¢, which means that u;(B) < u(B.) + ¢ and
u(B) < pi(B:) + ¢ for all B € B.

Take § > 0 with § < £/3 and take with aid of the previous lemma open balls
By, By, ... with radius < §/2 such that |J;2, Bj = X and p(0B;) = 0 for all j.

Fix k such that i

w(UBi)>1-0.

=1

Consider the collection of sets that can be built by combining the balls By, ..., By:

A={{JB;:Jc{1,...,k}},

jed

which is a finite collection. We are going to use this collection to approximate
arbitrary Borel sets. For each A € A, 0A C 0By U ---U 9By, so u(0A) <
w(0OB1)+ -+ p(0By) = 0. Since p; = p, we have p;(A) — u(A) for all A € A.
Fix N such that

|i(A) — p(A)] < for alli > N and for all A € A.

Then in particular ,u,i(Uf:l B;) > N(U?:l Bj)—6>1—-25foralli>N.
Let now B € B be given. Take as approximation of B the set

A= J{B;:j€{l,...,k} such that B; N B # 0} € A,
We find
¢ AC B; ={x:d(z,B) < 6} because the diameter of each B; is < 4,

e B=[BnUL, BjJU[BN (UL, B c AU (U5, B;)°, because BN
Ui B; =Uj_,(BN B;) C 4,

o |pi(A) —u(A)| <édforalli>N,

° H((U?:l Bj)c) <4, /lz'((Uf:1 Bj)c) < 2§ forall i > N.

11



Hence for every i > N:

Il
N

uB) < p(A)+u((U By)) < u(A) +6 < pu(4) +26
< wi(Bs) + 25]

mi(B) < pl4)+ m((LkJ B;)°) < i(4) +26 < u(A) + 36
< w(Bs)+36 < u(B:) +e.

This is true for every B € B, so dp(ui, ) < ¢ for all i > N. O

Proposition 4.4. Let (X,d) be a separable metric space. Then P = P(X) with
the Prokhorov metric dp is separable.

Proof. Let D := {a1,az,...} be a countable set in X. Let

k
M= {onba, + -+ apda, t01,...,ax €QN[01], D ey =1, k=1,2,...}.

Jj=1

(Here 6, denotes the Dirac measure at a € X: §,(4) = 1if a € A, 0 otherwise.)
Clearly, M C P and M is countable.

Claim: M is dense in P. Indeed, let u € P. Foreachm > 1,52, B(a;,1/m) =
X. Take k,, such that

K
u() Blag, 1/m)) > 1~ 1/m.
j=1
Modify the balls B(aj,1/m) into disjoint sets by taking A" := B(ai,1/m),
A™ = B(aj,1/m) \ [ULZ} B(ai,l/m)], §=2,. . km. Then AT",... A™ are
disjoint and Ule AP = 7 B(a;,1/m) for all j. In particular, p(Ufgl A7) >

i=1
1-1/m, so
km

> AT € [1—1/m,1].

j=1

We approximate
WAT)ba, + - -+ + 1(AF, )da,,

by
P i= Q1" 0, + -+ Qf gy
km
where we choose " € [0,1] N Q such that 3 ;™ " =1 and

km
D (A7) — o < 2/m.
j=1

12



(First take 8; € [0,1] N Q with Y5 |8; — u(A7)| < 1/2m, then Y, B; €
[1—3/2m,1+ 1/2m]. Take o := /3, Bi € [0,1]NQ, then }° a; =1 and
Y By =yl = 11— 1/ 3, Bl X5 By =X 8 — 1 < 3/2m, s0 15, |a; —
AT <1/2m +3/2m = 2/m.)

Then for each m, p,, € M. To show: p,, = p. Let g € UC,(X). Then

km
‘/gdum —/gdu‘ = |Za§”g(aj) —/gdu‘
j=1
k

m

< 1) m(AP)g(ay) —/gdu‘ + (2/m) supg(ay)]

=1

km
< 9(a;)Lapdp — [ gdp| + (2/m)llglls
> [ o
km
< Y [ (statay — gtap )dn = [ 91 o] + @/l
j=1
km km
< Y s lgle;) — g@)l(A7) + lglloors (L ATY) + 2/m) e
j=1%4%

=1

Each AT is contained in a ball with radius 1/m around a;. Since g is uniformly
continuous, for every € > 0 there is a § > 0 such that |g(y) — g(z)| < € whenever
|z —y| < 4, s0 |g(z) — g(a;)| <e for all z € AT for all j. Then for m > 1/4 it
follows from the above computation that

| [ odun = [ o] < &+ lglle(/m) + @ /m)lgl

Hence [ gdpm — [ gdp as m — oo. Thus, pn, = p. O

Conclusion. If (X,d) is a separable metric space, then so is P(X) with the
induced Prokhorov metric. Moreover, a sequence in P(X) converges in metric
if and only if it converges weakly and to the same limit.

5 Prokhorov’s theorem

Let (X, d) be a metric space and let P(X) be the set of Borel probability mea-
sures on X. Endow P(X) with the Prokhorov metric induced by d.

In the study of limit behavior of stochastic processes one often needs to
know when a sequence of random variables is convergent in distribution or, at
least, has a subsequence that converges in distribution. This comes down to
finding a good description of the sequences in P(X) that have a convergent
subsequence or rather of the relatively compact sets of P(X). Recall that a
subset S of a metric space is called relatively compact if its closure S is compact.
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The following theorem by Yu.V. Prokhorov [7] gives a useful description of the
relatively compact sets of P(X) in case X is separable and complete. Let us
first attach a name to the equivalent condition.

Definition 5.1. A set I' of Borel probability measures on X is called tight if
for every € > 0 there exists a compact subset K of X such that

WK)>1—¢ forall yerl.

(Also other names and phrases are in use instead of ‘T is tight’: ‘T is uniformly
tight’, ‘T’ satisfies Prokhorov’s condition’, ‘T" is uniformly Radon’, and maybe
more).

Remark. We have shown already: if (X, d) is a complete separable metric space,
then {u} is tight for each u € P(X) (see Theorem 2.6).

Theorem 5.2 (Prokhorov). Let (X,d) be a complete separable metric space
and let T be a subset of P(X). Then the following two statements are equivalent:

(a) T is compact in P(X).
(b) T is tight.

Let us first remark here that completeness of X is not needed for the implication
(b)=(a). The proof of the theorem is quite involved. We start with the more
straightforward implication (a)=(b).

Proof of (a)=(b). Claim: If Uy, Us,... are open sets in X that cover X and if
€ > 0, then there exists a k£ > 1 such that

k
w|JU)>1-¢ forallpeT.

i=1

To prove the claim by contradiction, suppose that for every k > 1 there is a
pr € T with uk(Ule U;) <1—e. AsT is compact, there is a 4 € T and a
subsequence with puy, = p. For any n > 1, Ui, Ui is open, so

wlJUn < h]nj}g)lfﬂkj(u Us)

=1 =1
kj

< liminf p, )<1—c¢.

< limin l/fkj(i:qUz)_ €

But J;2, U; = X, so u(U;, Ui) = u(X) =1 as n — oo, which is a contradic-
tion. Thus the claim is proved.

Now let € > 0 be given. Take D = {a1,as,...} dense in X. For every m > 1
the open balls B(a;,1/m), i =1,2,..., cover X, so by the claim there is a ky,
such that

km
u( | B(as, 1/m)) >1-e2™ forall pel.
=1
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Take
o km .
K := () UB(ai1/m).
m=1i=1
Then K is closed and for each § > 0 we can take m > 1/ and obtain K C

Uf;”l B(a;,6), so that K is totally bounded. Hence K is compact, since X is
complete. Moreover, for each y € T’

WK = (U [QjE(ai,l/m)]C)

< S u([UFerm])
= 3 (- u( U m))
Hence T is tight. " O

The proof that condition (b) implies (a) is more difficult. We will follow the
proof from [6], which is based on compactifications and the Riesz representation
theorem. The latter will be discussed in a later section and, accordingly, we
invoke it with almost no explanation here.

Observe that if X is a compact metric space, every set of Borel probability
measures on X is tight, so that in particular P(X) itself is tight. Thus, the
implication (b)=-(a) entails the assertion that P(X) is compact whenever X is
compact. We choose the latter as an important intermediate step in the proof
of (b)=(a).

Proposition 5.3. If (X,d) is a compact metric space, then (P(X),dp) is a
compact metric space. (Note that any compact metric space is separable.)

Proof. (Revisited in Corollary 6.8.) As X is compact, Cp(X) = C(X) = {f :
X — R : f is continuous}, which is a Banach space under the supremum norm
defined by

l£lloc = sup |f(2)].
zeX
Denote by C'(X)' the Banach dual space of C(X) and consider
P:={peCX):loll <1, p(1) =1, o(f) >0Vf € C(X) with f > 0}.

For p € P(X) define ¢,(f) := [ fdu, f € C(X). According to the Riesz
representation theorem, the map T : u — ¢, is a bijection from P(X) onto ®.
Moreover, T is a sequential homeomorphism relative to the weak* topology on

15



®. By Alaoglu’s theorem, B’ := {p € C(X)' : ||¢|| < 1} is weak* compact and
therefore @ is weak™ compact, since ® is weak* closed in B’. Hence ® is weak*
sequentially compact and hence P(X) is compact. O

Remark. Also the converse is true: if P(X) is compact then so is X. This comes
from the fact that z — J, is a homeomorphism from X onto {J, : x € X} C
P(X), and {6, : z € X} is closed in P(X). (See Proposition 9.3.)

In the cases that we want to consider, X is typically not compact. We can make
use of the previous proposition by considering a compactification of X.

Lemma 5.4. If (X,d) is a separable metric space, then there exist a compact
metric space (Y,0) and a map T : X — Y such that T is a homeomorphism
from X onto T'(X).

(T is in general not an isometry. If it were, then X complete = T'(X) complete
= T(X) CY closed = T(X) compact, which is not true for, e.g., X = R.)

Proof. Let Y :=[0,1]N = {(&)2, : & € [0,1] Vi} and
3(&,m) 5=227i|§z’—m|, E&nevy.
i=1

Then § is a metric on Y, its topology is the topology of coordinatewise conver-
gence, and (Y, 0) is compact.
Let D = {ay,as,...} be dense in X and define

a;(z) = min{d(z, a;), 1}, rzeX,i=12,....

Then for each k, ay : X — [0,1] is continuous. For z € X define
T(z) := (ai(z))Z, €Y.
Claim: for any C' C X closed and z ¢ C there exist € > 0 and ¢ such that
a;i(z) <e/3, ai(y)>2/3 forallyeC.

To prove the claim, take £ := min{d(z,C),1} € (0,1]. Take ¢ such that
d(a;,z) < £/3. Then a;(z) < e/3 and for y € C' we have

az(y) = min{d(ya ai)a 1} > mln{(d(ya .’L') - d(.’L’, ai)): 1}
min{(d(z,C) —¢/3),1}
min{2¢/3,1} = 2¢/3.

(AVARAY]

In particular, if £ # y then there exists an i such that a;(z) # a;(y), so T is
injective. Hence T : X — T'(X) is a bijection. It remains to show that for (z,),
and z in X:

Tn =T < T(z,) > T(x).

If ©, — x, then o;(z,) — a;(z) for all 4, so §(T'(z,),T(z)) = 0 as n — co.
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Conversely, suppose that x, # x. Then there is a subsequence such that
z & {%n,,Tny,---}- Then by the claim there is an ¢ such that a;(z) < /3
and «;(zn,) > 2¢/3 for all k, so that a;(x,,) /4 ai(z) as k — oo and hence

T(zn,) 7 T(x). O
We can now complete the proof of Prokhorov’s theorem.

Proof of (b)=(a). We will show more: If (X,d) is a separable metric space and
I' C P(X) is tight, then T is compact. Let T C P(X) be tight. First observe
that T is tight as well. Indeed, let € > 0 and let K be a compact subset of X such
that pu(K) > 1 —¢ for all 4 € T. Then for every u € T there is a sequence (i) n
in T" that converges to x4 and then we have p(K) > limsup,, , . pn(K) > 1—c¢.

Let (in)n be a sequence in T. We have to show that it has a convergent
subsequence. Let (Y,d) be a compact metric space and T' : X — Y be such that
T is a homeomorphism from X onto T'(X). For B € B(Y), T~!(B) is Borel in
X. Define

Vn(B) := u, (T (B)), BeB(Y), n=1,2,....

Then v € P(Y) for all n. AsY is a compact metric space, P(X) is a compact
metric space, hence there is a v € P(Y) and a subsequence such that v,, = v
in P(Y). We want to translate v back to a measure on X. Set Yy := T'(X).
Claim: v is concentrated on Y in the sense that there exists a set E € B(Y)
with E C Yy and v(E) = 1.
If we assume the claim, define

w(A) == v(ANE), AecB(Yp).

(Note: A € B(Yy) = AN E Borel in E = AN E Borel in Y, since E is
a Borel subset of Y.) The measure vy is a finite Borel measure on Yy and
vo(E) = v(E) = 1. Now we can translate vy back to

u(4) =1 (T(4)) = w(T71) 7' (4)), Ae€B(X).

Then p € P(X). We want to show that u,, = p in P(X). Let C be closed
in X. Then T(C) is closed in T(X) = Yy. (T'(C) need not be closed in Y.)
Therefore there exists Z C Y closed with ZNYy = T(C). Then C ={z € X :
T(x)eT(C)}={xe€ X :T(z) € Z} = T 1(Z), because there are no points in
T(C) outside Yy, and ZN E =T(C)N E. Hence

limsup pn, (C) = limsupv,, (Z)
k—o00 k—o0
< v(2)

= v(ZNE)+v(ZNE°)=v(T(C)NE)+0
w(T(C)) = u(C).

So pin, = p.
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Finally, to prove the claim we use tightness of I'. For each m > 1 take K,
compact in X such that u(K,,) > 1 —1/m for all 4 € I'. Then T(K,,) is a
compact subset of Y hence closed in Y, so

v(T(K,,)) > limsupv,, (T(Knm))

k—o0

limsup pip, (Kp) > 1—1/m.

k—o0

v

Take E := (J,”_ Km. Then E € B(Y) and v(E) > v(K,,) for all m, so
v(E)=1. O

Ezample. Let X = R, p,(A) := n=A(AN[0,n]), A € B(R). Here A denotes
Lebesgue measure on R. Then u,, € P(R) for all n. The sequence (u,), has no
convergent subsequence. Indeed, suppose p,, = p, then

p((=N,N)) < liminf p, ((=N, N))
n—oo
= liminfn~'A([0, N]) = liminf N/n = 0,
n—oo

n—oo

so u(R) = supy>q u((—=N,N)) = 0. There is leaking mass to infinity; the set
{pn :n =1,2,...} is not tight.

6 Riesz representation theorem

In the proof of Prokhorov’s theorem we have used the Riesz representation
theorem. It yields a correspondence between functionals on a space of continuous
functions and measures on the underlying set. The standard theorem deals with
compact spaces and will be discussed in this section. The next section derives
via compactification an extension for non-compact spaces.

Let (X, d) be a metric space. For each finite Borel measure p on X, the map
¢, defined by

oul)i= [ Fan, e ),
is linear from Cp(X) to R and
(eulO] < [ 151dn < 17 leu(X).
Hence ¢, € Cy(X)', where Cy,(X)' denotes the Banach dual space of the Banach

!
space (Cy(X), |- [lo). (Here [[flloo = supgex |£(2)].) Further, [lpull < u(X)
and since ¢, (1) = p(X) = ||1]|copt(X) we have

lloull = u(X).

Moreover,
20 = ¢u(f) >0.
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Definition 6.1. A linear map ¢ : Cp(X) — R is called positive if
o(f) >0 for all f € Cp(X) with f > 0.
(Then f < g = ¢(f) < ¢(9).)
Lemma 6.2. For every positive p € Cp(X)
lleoll = (1)
Proof. Clearly, o(1) < [l [|1]lec = [loll- For f € Cp(X),

—[lflleo® < F < Iflloo 1,

" one has

SO
1 lloep(L) < 0(f) < [Illoctr(L),
SO
() < (L)1 £l
hence [lg]| < (L). O

If X is compact, then Cy(X) = C(X) = {f : X — R : f is continuous} and
every positive bounded linear functional on C(X) is represented by a finite
Borel measure on X. The truth of this statement does not depend on X being
a metric space. In the extension to the non-compact case that we will discuss
in the next section we need the generality of non-metrizable compact Hausdorff
spaces. Formally we have not defined Borel sets, Borel measures, Cy(X), etc.
for topological spaces that are not metrizable. The appropriate definitions are
literally the same and omitted.

Theorem 6.3 (Riesz representation theorem). If (X, d) is a compact Haus-
dorff space and ¢ € C(X)' is positive and ||¢|| = 1, then there exists a unique
Borel probability measure p on X such that

o(f) = / fdu for all f € C(X).

(See [8, Theorem 2.14, p. 40].)

By obvious scaling, the Riesz representation theorem can be extended to a
correspondence between not necessarily normalized positive bounded functionals
on C(X) and finite Borel measures on X. More than that, there is also a
correspondence of topologies.

Consider the weak* topology on Cy(X)', which is the coarsest topology such
that the functional ¢ — ¢(f) on Cy(X)' is continuous for every f € Cp(X) . A
sequence @1, s, ... in Cy(X)' converges in the weak* topology to ¢ € Cy(X)'
if and only if ¢, (f) = ¢(f) for all f € Cyp(X). The following observation is
immediate.
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Proposition 6.4. Let (X,d) be a compact metric space and let p, 1, pia, . .. be
finite Borel measures on X. Then the following two statemts are equivalent:

(a) pn = p, that is, [ fdun, — [ fdu for all f € Cp(X).

(b) @u, — pu in the weak* topology, that is, @y, (f) = @u(f) for all f €
Cr(X).

With a suitable notion of nonpositive measure, the representation by a measure
can be extended to every member of Cy(X)'. We include the statements without
proofs.

Definition 6.5. A signed Borel measure on a metric space (X,d) is a map
u: B(X) — R of the form

H=p1 = 2
where pq and po are finite Borel measures on X. This is equivalent to
n(®) =0,
u is o-additive,
ie., A1, As,... € B(X)disjoint => u(u;’; Ai) = 3% u(Ay),
SUP 4eB(X) lu(A4)| < oo.

Theorem 6.6. Let (X,d) be a compact metric space. For a finite Borel measure
won X let o, (f) = [ fdu, f € C(X), and let T be the map p — ¢,. Then

(1) T(p+v)=T(p) +T(v) and T(cu) = cT'(w) for all finite Borel measures
pandv on X and all ¢ > 0,

(2) T is a sequential homeomorphism from {u : p finite Borel measure on X }
onto {p € C(X)' : ¢ positive} with the weak* topology, and T(P(X)) =
{p € Co(X) : lgll = 1, ¢ positive},

(8) T extends uniquely to a linear sequential homeomorphism from the signed
Borel measures on X onto C(X)' with the weak* topology.

Remark. One can show that C'(X) is separable if X is compact and metrizable
([5, 7.S(d), p. 245]) and one can derive from the separability of C(X) that {p €
C(X) : |||l <1} is metrizable ([3, Theorem V.5.1, p. 426]). Therefore T in the
above theorem is a homeomorphism and not only a sequential homeomorphism.

We are now in a position to have a closer look at the proof of Proposition 5.3.
Theorem 6.7. Let (X,d) be a metric space. Then

(1) [B’ = {p € Cp(X) : ||¢l| ﬁ 1} is weak* compact (Alaoglu’s theorem, see
3, Theorem V.4.2, p. 424)),

(2) {o € Co(X) : |lpll =1, ¢ is positive} is weak* closed in B'.
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Proof of (2). For positive ¢ € B', we have ||¢|| =1 < (1) = 1. Hence

{p € Co(X) : |||l =1, ¢ is positive}
={p € Co(X) : lloll <1, (1) =1, p(f) >0, Vf € Cp(X) s.t. f > 0}

={peB:pM)=1}n () {p€B :o(f) >0}
FECH(X), £20

Since ¢ — ¢(f) is weak® continuous for all f € Cy(X), this set is weak* closed
in B'. O

Corollary 6.8. If (X,d) is a compact metric space, then (P(X),dp) is a com-
pact metric space.

Proof. The map T : P(X) = {p € C(X) : ||l¢l| = 1, ¢ positive} =: ® is a
sequential homeomorphism with respect to the weak* topology on ®. By the
previous theorem, ® is weak* compact, hence sequentially weak* compact. So
P(X) is sequentially compact. As P(X) is a metric space, P(X) is compact. O

7 Riesz representation for non-compact spaces

As we are mainly interested in metric spaces that are not compact, it is natural
for us to study an extension of the Riesz representation theorem to non-compact
spaces. Such an extension can be obtained by means of a compactification of
the space.

The compactification of Lemma 5.4 has the advantage of being metrizable,
but it is not suitable for the present purposes. We have to step outside metric
topology for a moment. We want a connection between the continuous functions
on the compactification and the bounded continuous functions on the original
space. Such a compactification is the famous Stone-Cech compactification.

Theorem 7.1. Let (X,d) be a metric space. There exists a compact Hausdorff
space Y and a map T : X — Y such that

(i) T is a homeomorphism from X onto T(X),
(i) T(X) is dense inY,

(i) for every f € Cyp(X) there exists one and only one g € C(Y) ‘that extends
[, that is, goT = f.

The pair (Y, T) of the above theorem is essentially unique and called the Stone-
Cech compactification of X (see [5, 5.24, p. 152-3; 5.P, p. 166]). We will not be
unnecessarily cautious, and view X as a subspace of Y. Then the above theorem
says that every metric space X is a dense subspace of a compact Hausdorff
space Y such that Cy(X) ~ C(Y) under the natural isomorphism of extension
and restriction. From the Riesz representation theorem for compact Hausdorff
spaces we thus have the next conclusion.
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Corollary 7.2. Let (X,d) be a metric space. If ¢ : Cp(X) — R is bounded
linear qnd positive, then there exists a unique finite Borel measure p on the
Stone-Cech compactification Y of X such that

o(f) = / Fap for all f € Cy(X),

where f € C(Y) denotes the extension of f.

Thus the positive bounded linear functionals on C4(X) correspond to the finite
Borel measures on the Stone-Cech compactification of X. It is interesting to
know when such a measure is concentrated on X itself. It turns out to be
connected with a stronger continuity property of the functional than mere norm
continuity. The precise statement is in the next theorem, which is an extension of
the Riesz representation theorem for compact spaces (cf. [2, 5.2 Proposition 5, p.
58, and 5.6 Proposition 12, p. 65]. For theory on convergence of nets (generalized
sequences), see [3, 1.7, p. 26-31].

Theorem 7.3. Let (X,d) be a metric space and let p € Cyp(X)' be positive.
The following statements are equivalent:

(a) There ezists a tight finite Borel measure p on X such that
olf) = [ fdu for all 1 € CH(X).

(b) For every e > 0 there exists a compact K C X such that |p(f)| < € for all
f € Cy(X) with ||fllco <1 and f=0 on K.

(¢) The restriction of ¢ to the unit ball B = {f € Cp(X) : ||flloc < 1} is
continuous with respect to the topology of uniform convergence on compact
sets.

If (a) holds, then the measure u is unique.

Proof. The proof of the uniqueness is routine. It also follows from the denseness
theorem in Section 8.

(a)=(c): Let (fi)icr be a net in B and let f € B be such that f; — f
uniformly on compact sets. Let € > 0. We want to show that there is an ig €
such that |¢(f;) —@(f)| < € for all € I with i > 4p. Since p is tight, there is a
compact K C X with u(X \ K) < £/3. Then f; = f uniformly on K, so there
is an 49 € I such that

|fi — fl <e/(Bu(K)+1) on K for all i > ig.

Then for i > iy,

i) — i — fld i — fld

() — o) < /Klf f|u+/X\K|f fldu
< s iE) + i — fllen(X \ K)
< €/34+2/3=c¢.
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Hence ¢(f;) = ¢(f), and ¢ is continuous on B.

(c)=(b): Suppose that (b) is not true. Then there exists an € > 0 such that
for every compact K C X there is an fx € Cp(X) with ||fk|lcc <1 and fx =0
on K and such that |p(fk)| > . Then (fk)kex, where K = {K C X : K
compact} with inclusion as ordering, is a net in B that converges to zero in the
topology of uniform convergence on compact sets. Indeed, for each compact
Ky C X, fk =0 on Ky for all K D K. Since |p(fk)| > € for all K € K, it
follows that ¢ is not continuous on B.

(b)=(a): Take for each m > 1 a compact set K,, C X such that |p(f)| <
1/m for all f € Cp(X) with ||f|lco < 1 and f = 0 on K,,. Let Y be the
Stone-Cech compactification of X. For every g € C(Y) its restriction to X is
an element of Cy(X) and we can define

¥(g) :==p(glx), g€ CY).

Then ¢ : C(Y) = R is a bounded linear and positive functional, so by the Riesz
representation theorem there exists a finite Borel measure v on Y such that

Y(g) = /gdy for all g € C(Y).

We want to restrict v to a measure g on X that represents . Therefore we
need that v has no mass outside X.

Let E :={J,, Km C X. Since every K,, is compact, E is a Borel set in Y.
To show that » has no mass outside E we exploit the assumption (b) by means
of an approximation of 1x: by continuous functions. Let

hm(z) := min{d(z, Kn),1}, 2z €Y, m>1.

Then hy, € C(Y), 0 < by < 1ge and /by, T 1ge as n — 0o, since Ay, (x) > 0
for every z € K¢,. Hence by the monotone convergence theorem,

v(Y\Kp) = /]IK;:ndl/Z lim [ {/hmdv

n— o0
= lm $(Vhp) = lim o(/hm|x) <1/m,

by assumption (b). Therefore

v(Y \E)=v([) K) =0.

m=1

Define
w(A):=v(ANE), AeB(X).

(Notice that A € B(X) = AN E Borel in E hence Borel in Y.) Then p is a
finite Borel measure on X. To show that u represents ¢, let f € Cy(X) and let
f € C(Y) be its extension. Since

v(Y\E)=0and (X \ E) =0,
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it follows that
[ fan= [ freau= [Tredr = [Fav =0 = ol).

Finally, notice that u(X \ K,,) =v(E\ K,,) = v(Y \ K;) < 1/m for all m, so
that p is tight. O

Remark. (1) If X is compact, then every ¢ € Cp(X)' satisfies condition (c).
Thus we retrieve the Riesz representation theorem for compact metric spaces.

(2) We have shown earlier that if (X, d) is a complete separable metric space,
then each finite Borel measure on X is tight. Hence for such a space condition
(c) is necessary to have representation by any finite Borel measure.

Ezample. Let X =N, d(z,y) = |z —y|, z,y € X. We will show that there exists
a ¢ € Cp(X)' that is not represented by a finite Borel measure. Observe that
Cyp(X) = £°(N) and define

wo(z) := lim z(k)
k—o0
forall z € ¢ := {y € £*°(N) : limy_,  y(k) exists}. The set ¢ is a closed subspace
of £°(N) and ¢ is a positive bounded linear functional on ¢. Let

p(z) == max{limsup z(k),0}, =z € {*(N).

k—o00
Then p(z + y) < p(z) + p(y) and p(Az) = Ip(z) for all z,y € £°(N), X > 0.
Further, o(z) < p(z) for all z € c¢. Hence by the Hahn-Banach theorem (see
[3, I1.3.10, p. 62]) there exists a linear functional ¢ : £*°(N) — R that extends
wo and such that ¢(z) < p(z) for all z € £*°(N). Then |p(z)| < |p(z)]| < [|2]|c
for all z € £*°(N) so ¢ is bounded, and for z € £*°(N) with z > 0 we have
p(x) = —p(—x) > —p(—z) =0, so ¢ is positive.
Let now

<
<

Tn = Lppyr,..) €, n=1,2,....

Then ¢(x,) = @o(z,) = 1 for all n, but for any finite Borel measure u on N we
have [ z,du — 0 as n — oo, since z,, — 0 pointwise and 0 < z,, < 1 for all n.
Hence ¢ cannot be represented by a finite Borel measure.

8 Integrable functions on metric spaces

Let (X, d) be a metric space and let p be a finite Borel measure on X. Is Cp(X)
dense in £!(u)? The answer is positive and we can show more. Let

Lip,(X) := {f:X — R: fis bounded and Lipschitz continuous
with respect to d}.

Lemma 8.1. Let (X,d) be a metric space and let i be a finite Borel measure
on X.
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(1) For every U C X open and every € > 0 there ezists an f € Lip,(X) with
0< f<1y and [(1y — f)du<e.

(2) For every A € B(X) and every € > 0 there exists an f € Lip,(X) with
J1f = Laldu<e.

Proof. (1): U =X, take f =1. If U C X is open and U # X, let
h(z) := min{d(z,U°),1}, =z € X.

Then h € Lip,(X). Indeed, observe that min{a,c} — min{b,c} <a—bifa > b,
so that
|h(z) = h(y)| < |d(z,U°) —d(y,U%)| < d(z,y),

for all z,y € X. Further, 0 < h< 1y on X and h(z) >0 for all z € U.

Take a strictly concave Lipschitz continuous function p : [0,1] — [0, 1] with
p(0) =0 and p(1) = 1. For instance, p(x) = (2 — z). Denote the iterates of p
by pl:i=p, p" :=pop”1,n=23,... Fr0<a<]l,

pla) = p((1 =)0 +al) > (1 -a)p(0) + ap(l) = a,

so p™(«) is increasing in n and its limit must be 1. Thus, p™(0) =0, p"(1) =1
for all n, and p"(a) 11 for every 0 < a < 1.

For each n, p" oh € Lip,(X), p*oh > 0, and p™(h(z)) 1 1y(z) for all z € X.
By the monotone convergence theorem we therefore find

/(p"Oh)du—>/ILUd,u as n — oo.

So for large n the function f := p™ o h has the desired properties.

(2): With aid of the outer regularity of u, take U C X open with A C U
and p(U \ A) < /2. Take, by (1), f € Lip,(X) with [ |1y — f|dp < £/2. Then
[1f = Laldp < . O

Theorem 8.2. If (X,d) is a metric space and p is a finite Borel measure on
X, then Lip,(X) is dense in L' (). Consequently, Cy(X) is dense in L1 (p).

Proof. 1. Let Ay,..., A, € B(X) and a4, ...,a, € R\ {0}, and let £ > 0. Take
for each k € {1,...,n} an hy € Lip,(X) with

g
nlag|’

/|hk —1a,ldu <
Then Y"}_, arhy € Lip,(X) and

[130 =3 antanldn <3 lau] [ 1= Lajdn <
k=1 k=1 k=1

2. Stepfunctions as in 1. are dense in £!(p).
(See also [2, 5.2 Proposition 3, p. 57].) O
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Corollary 8.3. Let (X,d) be a metric space and let p and v be finite Borel
measures on X . If

/fdu:/fdl/ for all f € Lipy(X),

then p = v.

9 More properties of the space of probability
measures

Let (X,d) be a metric space, let P(X) be the set of Borel probability measures
on X, and let dp be the Prokhorov metric on P(X) as defined in Section 4.
With aid of Prokhorov’s theorem we can show that (P(X),dp) is complete if
(X,d) is complete (cf. [7, Lemma 1.4, p. 169]).

Lemma 9.1. Let (X,d) be a complete metric space and let ' C P(X). In order
that T is tight, it suffices that for every €,0 > 0 there are ai,...,a, € X such
that

u( O B(a,-,a)) >1—¢ forallpel.
=1

Proof. Let € > 0. Assume that for each m > 1 the points af",... a7 € X are
such that

(UB 1/m)21—2_m5 for all peT.

Take

o0 Nm

ﬂ UB ,1/m).

m=1i=1

Then K is closed and for a given § > 0 we can take m > 1/§ and obtain

KCUB ,1/m) C UB(a;“,a)
i=1

i=1

Hence K is totally bounded and thus compact. Further, for p € T,

u(K) = A}l_r}loou(ﬁ@?(a?,l/m))
- 1= w0 U B agm])

\VARRNWY,
— —
| |
R
[M# Tg
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=
3
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So T is tight. O

Theorem 9.2. Let (X,d) be a separable metric space. If (X,d) is complete,
then (P(X),dp) is complete.

Proof. Let (ur)r be a Cauchy sequence in (P(X),dp). We will show that {uy, :
k=1,2,...} is tight. Take D = {a;,az,...} densein X. Let €, > 0. Set

~ := min{e,d}/2
and fix N such that
dp(pk, ue) <y forall k, &> N.
Then for k,£ > N we have
(A) < pe(Aq) + v and pre(A) < u(Aq) +7 for all A € B(X).
Take now n > 1 such that for k € {1,...,N}

”k(o B(a,-,&/Z)) >1—7.

(Such an n exists because | ;- B(a;,0/2) = X so that lim, oo px (Ui, B(a;,8/2)) —
1 for each of the finitely many &k € {1,...,N}.) Observe that

( U B(az-,(5/2))7 - U B(ai, /2 +) C U B(as, 9).

Therefore,

for all K > N. Then
n

uk(UB(ai,(S)) >1-2y>1—¢efork>N

and

Nk( O B(%fs/z))

i=1 i=1
> l-v>1-¢

=
Sl
—~
-
&
s
>
Nl
V

for k = 1,...,N. By the previous lemma it follows that the set {u; : k =
1,2,...} is tight and therefore relatively compact in P(X) by Prokhorov’s the-
orem. Hence there is a subsequence (uyg,); that converges to some u € P(X).
As (ur)r is Cauchy it follows that ur = p. Thus, (P(X),dp) is complete. O
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Finally, we want to see that completeness of (X, d) is necessary for completeness
of (P(X),dp). We can derive this by embedding X in P(X). More specifically,
we show that X and the set of Dirac measures A := {J, : x € X} are in a
suitable sense isomorphic. (d, denotes the Dirac measure at z.)

Proposition 9.3. Let (X,d) be a separable metric space. Then:
(1) dp(65,0y) = min{d(z,y),1} for every z,y € X,
(2) x — 6y is a homeomorphism from X onto A := {4, : z € X} C P(X),

(8) a sequence (x,,)n is Cauchy in (X,d) if and only if (05, )n is Cauchy in
(P(X)JdP)}
(4) A is closed in P(X).

Proof. (1): From the very definition of dp, dp(p,v) < 1 for all u,v € P(X).
Let a > d(z,y). Then for each A € B(X),

r€EA=>ye A, and ye A=>zeAd,,
s0

0:(A) < 6y(Aa) +a,  6y(4) <6:(4a) +a,
and hence dp(0,,6y) < a. Thus, dp(d;,dy) < d(z,y).

Assume dp(dg,0y) < 1 and let dp(0z,0y) < a < 1. Then
02 (A) < 6y(Aq) + @ and 6y (A) < 6,(As) + a for all A € B(X).
Hence for A = {z} we find
1 < d0y(B(z,a)) + a.

As a < 1 it follows that y € B(x, ), so d(z,y) < . Thus d(z,y) < dp(65,dy)-

(2) and (3) are clear from (1).

(4): Let (z,), be a sequence in X such that é,, = p for some p € P(X).
We have to show that p € A. Suppose (z,), has no convergent subsequence.
Then S := {x1,22,...} is closed and so is every subset of S. Hence for every
nonempty subset C of S we have

u(C) > limsupéd,, (C) > 1.

n—oo

This is only possible if S consists of one point, but that yields a contradiction.
Hence there is a subsequence and an z € X such that z,, — z. By (2),
0z, = 0z, SO 4 =0, € A. O

With aid of the above proposition we can add the ‘only if’ counterparts to
Proposition 5.3 and Theorem 9.2.

Theorem 9.4. Let (X,d) be a separable metric space.
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(1) (X,d) is compact <= (P(X),dp) is compact.
(2) (X,d) is complete <= (P(X),dp) is complete.

Remark. There are other metrics on P(X) in use than the Prokhorov metric.
For instance the bounded Lipschitz metric, which is defined by

@dmuwzwmy/ﬂm—/}mwfeLmaxxnﬂmpsu,muepwm

where

Il = 151+ p LELOL - f € iy ),

If (X,d) is separable, then a sequence in P(X) converges weakly if and only if
it converges in the metric dgr,. Further, (P(X), dgr,) is separable and complete
if (X, d) is separable and complete. (See [10, 1.12, p. 73-74].)
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